Abstract During treatment of winery and distillery wastewater by natural evaporation in ponds, formation of malodorous compounds induces harmful olfactory effects. In this work, we studied the origin of malodorous compounds and methods to prevent and treat odours. The formation of volatile fatty acids (VFA) from pure substrates (glycerol, lactic and tartaric acids, ethanol) and complex media (winery and distillery wastewater) was studied. Various anaerobic bacteria ferment the glycerol and produce butyric or propionic acid. Valeric and caproic acids were observed at lower concentrations than butyric and propionic acids, but their malodorous intensities were higher. Microflora produce butyric, valeric, caproic, heptanoic and octanoic acids from ethanol, the main component of winery wastewater. When nitrate (an electron acceptor) is added, catabolism leads to an anaerobic respiration phenomenon (denitrification). The organic compounds are oxidised to CO 2 and the nitrate is reduced to N 2 (odourless compounds), without VFA formation. The preventive treatment of odours by nitrate addition was tested on an industrial scale in winery and distillery ponds. Furthermore, the study took the effect of nitrate on VFA degradation into consideration. The results make it possible to consider using nitrate for the curative treatment of pond odours.
Introduction
The treatment of winery and distillery wastewater by natural evaporation in ponds is commonly used, particularly in the Mediterranean region, because of the low costs (no energy consumption) involved, its adaptability to seasonal activities and its technical simplicity. However, given the high organic concentration of these wastewaters, their longterm storage induces the formation of malodorous compounds through anaerobic fermentation. Malodorous compounds cause major harmful olfactory effects, which represent the most important problem for winery and distillery wastewater management at this time. Moreover, winery wastewater is generally stored before being treated (spreading, biological treatments) and odours are produced at this stage.
Odorous compounds from distillery wastewater mainly consist of volatile fatty acids (VFA) such as butyric and valeric acids that have a high odour index (Le Cloirec et al., 1991) . Various volatile organic compounds have been identified in winery wastewater: esters, mercaptans, aldehydes (Guillot et al., 2000) .
Distillery and winery wastewater each have distinct organic compositions. The organic load of distillery stillages is characterised by a high content of glycerol and organic acids (lactic, tartaric) (Decloux and Bories, 2002) . Winery wastewater mainly consists of ethanol (Bories et al., 1998) .
Various anaerobic bacteria ferment these compounds and generate products such as VFA. For example, glycerol is fermented into butyric acid by Clostridium butyricum (Colin et al., 2001) , into propionic acid by Propionibacterium acidipropionici (Barbirato et al., 1997) and into a VFA mixture by Veillonella sp. and Sporomusa acidovorans. These anaerobic pathways are similar to the acidogen step found in anaerobic digestion (Bories, 1980 (Bories, , 1981 . Sulphate-reducing bacteria produce hydrogen sulphide from sulphate and organic compounds (Qatibi et al., 1990 (Qatibi et al., , 1991 . Distillery wastewater from tartrate recovery by calcium sulphate and lime has a high concentration of sulphate and a great potential to produce harmful odours.
Few studies have dealt with odour treatment of winery and distillery wastewater. During the storage of distillery slops in tanks, treatment by acidification reduces odour intensity by a factor of ten (Desauziers et al., 2002) . In other cases, products are sprayed to cover up and thus reduce odours from ponds. The addition of biological products such as commercial cocktails of microorganisms to odorous ponds and to winery wastewater has not shown any effect on odorous compounds (A. Bories, personal communication) .
The mechanisms involved in odour formation and ways of preventing them had not yet been studied for winery and distillery wastewater evaporation ponds until this time. Due to the high organic concentration of wastewater, anaerobic phenomena were particularly prevalent and large quantities of odorous compounds were able to accumulate in these ponds, making the treatment of odours very difficult.
A new method to prevent odour production in evaporation ponds is proposed in this study: the control of anaerobic catabolism of organic compounds using an electron acceptor. Nitrate can be dissimilated by microorganisms with the simultaneous oxidation of organic compounds into carbon dioxide (Gottschalk, 1986) . This reaction, referred to as anaerobic respiration, is also known as the denitrification process.
The aim of this work is to study the effect of nitrate addition on the formation of odorous compounds from pure substrates and complex media (wastewater) and to test preventive and curative treatments for odours produced in evaporation ponds.
Methods
The wastewaters used in this study came from a winery that produces 200,000 hl/year of red wine and from two distilleries (lees stillages resulting from tartaric extraction). The study of the degradation of organic compounds (pure substrates or wastewater) by microflora from ponds was carried out in glass reactors containing 1 litre of medium, mixed by magnetic stirring, at 25 C with pH monitoring. Nitrate was added in the form of potassium nitrate.
The experiments were carried out on an industrial scale on the evaporation ponds of a winery (two ponds of 7,000 m 2 each) and of two distilleries (6,600 and 8,000 m 2 ). Nitrate was added by injection of concentrated nitric acid (53% w/w) through the pipe that discharged wastewater into the ponds with a pump. The composition of wastewater and organic compounds (glycerol, organic acids, VFA, ethanol) was determined by HPLC. The apparatus included: an isocratic pump, an automatic injector, a refractive index detector (Waters, Milford, USA), an Aminex HPX87H organic acid analysis column (Biorad, USA) and Empower chromatography manager software (Waters). Nitrate was measured using an ion HPLC method (Ion Pack Column and Waters HPLC apparatus with a conductivity detector and identical supplies). Total suspended solids (TSS) were determined by centrifugation and drying of the bottom at 105 C.
The chemical oxygen demand (COD) was determined by chromic oxidation (AFNOR standard 90103) on raw and centrifuged wastewaters (raw COD: CODr, dissolved COD: CODd). The COD part of each component was established by multiplying its concentration by the corresponding theoretical COD factor: ethanol (2.06 g O 2 /g), glycerol (1.22 g O 2 /g), sugars (1.07 g O 2 /g), tartaric acid (0.53 g O 2 /g), lactic acid (1.07 g O 2 /g), malic acid (0.72 g O 2 /g), acetic acid (1.07 g O 2 /g), butyric acid (1.82 g O 2 /g) and propionic acid (1.51 g O 2 /g), and expressed with respect to the wastewater CODd (%).
Results and discussion

Composition of winery and distillery wastewater
The composition and the COD rate of the components of fresh wastewater from the winery and the distillery are presented in Table 1 .
The organic load of the yearly mean winery wastewater was characterised by a highly dissolved CODd: 87% of the CODr and a low concentration of TSS. Ethanol was obviously the largest part of the CODd (79.5%). Sugars and organic acids were therefore minor components. Addition of the ethanol and the sugar COD ratios showed that the potential ratio of ethanol reached nearly 87% of the CODd. The ethanol concentration of the winery wastewater (mean: 0.6% vol/vol) was often higher than 1% vol/vol. The VFA concentrations of the wastewater coming from the collector tank of the winery were low and no odour was observed. Sulphate concentration was very low (87 mg/L).
Distillery wastewater, like lees slops from tartarate recovery, was composed of a high level of suspended solids (yeasts, mud): 70 g/L and a high raw COD: 102 g/L (Table 1) . Approximately half of the CODd (32 g/L) was made up of simple organic compounds such as glycerol (17.6% CODd), organic acids (25.8% CODd) and VFA at low levels (3.7% CODd). The other part of the CODd was not identified in this study but can be attributed to complex matter: polyphenolic compounds, polysaccharides, nitrogenous compounds (amino acids, proteins). A high sulphate concentration (8.9 g SO 4 /L) was observed in the lees slops from tartarate recovery by calcium sulphate and lime.
Anaerobic degradation of organic compounds from wastewaters by pond microflora Sugars and organic acids degraded before ethanol in winery wastewater (Figure 1) . During ethanol degradation, the formation of acetic acid and long-chain VFA was observed: caproic, octanoic, butyric, heptanoic and valeric acids. With the exception of acetic acid, these other VFA are intensely odorous compounds. The formation of long-chain VFA (four to eight carbon atoms) from ethanol (two carbons) was reported with the anaerobic population of a digester (Smith and McCarty, 1988) . A reverse b-oxidation reaction (reductive back-reaction), depending on the hydrogen partial pressure, has been suggested to explain the nature of the VFA produced from ethanol. The fermentation products from lees slops were mainly characterised by acetic, propionic and butyric acids, and 1,3-propanediol as well (Figure 2 ). Butyric acid and 1,3-propanediol (no odorous compound) were produced during glycerol fermentation by Clostridium butyricum (Colin et al., 2001) . Tartaric acid was transformed into acetic acid. Propionibacteria such as Propionibacterium acidipropionici fermented glycerol and lactic acid into propionic and acetic acids (Barbirato et al., 1997) . After simple substrates were removed by the microflora, butyric acid formation was continued by fermentation of the organic part of the wastewater, until it reached a final concentration of 5.7 g/L. The VFA from lees stillage were produced as much from the simple compounds as from complex organic matter.
Effect of nitrate on anaerobic degradation of organic compounds
When nitrate was added, microflora from the pond degraded simple organic components and wastewater without VFA production.
Complete degradation of ethanol was achieved without production of long-chain VFA in winery wastewater enriched with nitrate ( Figure 3) . A low accumulation of acetic acid (0.5 g/L) was observed. The ethanol and the nitrate were degraded at the same time. Table 2 shows the COD and nitrate balances. Thanks to nitrate dissimilation, the degradation of organic matter was achieved through the oxidative pathway to CO 2 , as demonstrated by the COD degradation rate (79%). This behaviour is characteristic of the anaerobic respiration process, where the electron acceptor is nitrate. The ratio: nitrate consumed/COD eliminated was 1.76 g/g.
As for the mixture of glycerol, tartaric and lactic acids, these three compounds were simultaneously degraded, at the same time as nitrate dissimilation (Figure 4 ). Low concentrations of acetic acid and 1,3-propanediol were temporarily produced, but they were rapidly degraded.
The study of the microflora behaviour with lees stillage in the presence of nitrate has shown complete consumption of nitrate with the concomitant degradation of lactic acid, tartaric acid and glycerol ( Figure 5 ). The formation of acetic acid was also observed. When nitrate was totally eliminated, butyric acid was then synthesized, but at a lower concentration (1 g/L), compared to the sample without nitrate: 5.7 g/L (Figure 2 ). COD and nitrate balances show a low degradation rate of COD (40%) because of the complex composition of the distillery wastewater (Table 3 ). The ratio: nitrate consumed/COD eliminated was 1 g/g.
Preventive treatment of odorous compounds formation in evaporation ponds
Our studies were carried out on winery and distillery wastewaters enriched with nitrate and stored in evaporation ponds for several months, as reported in Table 4 .
The evaporation pond of the winery was filled from the end of September to the end of November with wastewater (3,526 m 3 ), acidified with about 2% vol/vol concentrated nitric acid. During filling, very low concentrations of acetic (0.4 g/L) and propionic (0.03 g/L) acids were temporarily observed (data not shown). No formation of butyric, valeric and caproic acids was detected in the pond (Table 4 ). In April, the COD reached a very low concentration (0.2 g/L), representing a COD elimination of 98%. The nitrate was totally removed. Because of the degradation of the nitrate and the COD, the pH values were very high. The analyses of volatile compounds in pond liquid samples displayed no formation of odorous compounds throughout the experiment. Moreover, olfactory observations by the winery staff emphasized the absence of odour. Comparatively, the study of a second pond (7,000 m 2 ), filled from December through June with winery wastewater without nitrate revealed the production of odorous VFA (data not shown). In June, during the most critical period (high temperatures and evaporation), the pond having received lees stillage (4,000 m 3 ) treated with nitric acid (10.5 g NO 3 /L) from January until May, demonstrated a complete degradation of nitrate, a low production of butyric and valeric acids and a high level of acetic and propionic acids, and had the lowest odorous VFA (Table 4 ). The elimination rate of the CODd reached 52%. The residual dissolved COD due to acetic and propionic acids is clearly indicative of the advanced transformation of the dissolved organic matter in the pond.
Curative treatment by removal of VFA with nitrate supply Figure 6 shows the behaviour of VFA in a sample from a distillery pond enriched with nitrate. The microflora of the pond rapidly degraded acetic, propionic, butyric and valeric acids with simultaneous consumption of nitrate. A curative odour treatment experiment was carried out on a distillery pond containing about 2,000 m 3 of lees slops. They were stored for several months and were characterised by a high VFA content (acetic acid: 5.0 g/L, propionic acid: 2.5 g/L, butyric acid: 0.49 g/L and valeric acid: 0.48 g/L) and a noxious odour. 15,000 kg of concentrated nitric acid (53%) were added to the pond. After two weeks, the nitrate (about 4 g/L) was eliminated and the degradation yield of VFA was: 46% for acetic acid, 49% for propionic acid, 63% for butyric acid and 40% for valeric acid. The smell was greatly reduced.
Conclusions
The microbial population from ponds produces odorous VFA through anaerobic fermentation of the simple and complex components of winery and distillery wastewater. Longchain VFA are synthesized from ethanol, the main compound of the winery wastewater. As for distillery wastewater (lees slops), butyric acid is the main odorous VFA produced from glycerol and from complex organic matter in the slops. The many compounds found in the slops and the various anaerobic pathways developed by the microflora result in a VFA mixture comparable to the acidogen step of the anaerobic digestion process. The carbon compounds from winery and distillery wastewater were oxidised into carbon dioxide in the presence of nitrate by the microflora, without accumulation of odorous VFA. The nitrate, acting as an electron acceptor, was simultaneously reduced to N 2 through the anaerobic respiration mechanism. Experiments concerning the addition of nitrate in the form of nitric acid to winery and distillery wastewater before it is evacuated into ponds have shown its effectiveness in preventing odour formation and odour nuisance. The preventive treatment of odours from a winery pond over a period of three years has made it possible to validate the technical and economical feasibility of such a treatment.
Our study has also demonstrated the ability of the microflora to degrade VFA in the presence of nitrate. Nitrate supply to odorous ponds therefore constitutes a curative treatment for noxious odours. Thanks to these new possibilities in odour control, the treatment of evaporation ponds, which have many advantages (no energy consumption, no sludge production, no sensitivity to overload, easy control), should be re-examined in view of more effective winery and distillery wastewater management.
